Electrophoretic Properties of Cowpea Mosaic Virus (Severe Subgroup)
(Accepted 4 May I978)
SUMMARY
Particles of the Puerto Rico isolate of cowpea mosaic virus (CPMV-PR), which belongs in the severe subgroup, had one electrophoretic form when analysed by 2.5% polyacrylamide gel electrophoresis and zone electrophoresis in sucrose gradients at pH 7"8, 7"5, and 5"5. The electrophoretic properties of CPMV-PR did not vary with time after inoculation but the virus could be converted to a slower migrating form by in vitro treatment with trypsin. The partial conversion by trypsin was accompanied by and was possibly the result ofproteolytic conversion of the S protein subunit to a lower molecular mass form. Analysis of proteins of untreated CPMV-PR suggested that the S subunit of the virus could also be converted in vivo by plant proteases to a smaller form without any change in the particle net surface charge, while in vitro treatment with trypsin affected those S subunits not previously converted by plant proteases, by converting them to a form slightly larger and with a greater positive charge than the S subunit produced by action of the plant proteases. This hypothesis accounts both for the decrease in electrophoretic mobility and for the fact that the conversion was only partial.
The two electrophoretic forms of cowpea mosaic virus (CPMV) yellow subgroup differ in the smaller of two capsid proteins in each virus particle (Niblett & Semancik, 1969; Geelen et al. 1972 Geelen et al. , 1973 . Niblett & Semancik (I969) suggested that two basic amino acids, along with others, were lost from the C-terminus of the smaller capsid protein upon conversion of the virus from slow to fast form. Geelen et al. (1972) reported that the slow to fast conversion was accompanied by the loss of about 25oo daltons from the smaller protein. The in vivo conversion of virus from slow to fast form can be simulated in vitro by treatment with purified enzymes (Niblett & Semancik, x 969; Geelen et aL 1973; Lee et al. 1975) .
Electrophoretic properties of CPMV isolates in the severe subgroup have received relatively little attention. Agrawal (I964) found that the severe subgroup isolates Vu, Vs and Trinidad also had two electrophoretic forms, but these were detected readily only at low pH and one of the two forms was present in very small amounts; the Vu isolate has the slow form present in small amounts while the Trinidad isolate had small amounts of the fast form.
We have observed that the Arkansas and the Puerto Rico isolates (severe subgroup) of CPMV [designated CPMV-Ark and CPMV-PR (Shepherd, I963; Thongmeearkom & Goodman, ~976) ] have only one migrating form when electrophoresed in polyacrylamide gels at pit 7"8. In view of the apparent conflict between our results and those reported by Agrawal (t964) we have conducted a more thorough investigation of this phenomenon.
The Sb isolate (yellow subgroup) of CPMV (CPMV-Sb), obtained from H. A. Scott of the University of Arkansas, was used for comparison of electrophoretic properties with those of CPMV-PR. Virus propagation and purification were as previously described (Thongmeearkom & Goodman, I978) . Final virus pellets after ultracentrifugation were resuspended in the buffer required for the particular analysis. Virus electrophoretic forms were analysed by electrophoresis in 2"5 % polyacrylamide gels as previously described (McLaughlin et al. I977) . After electrophoresis was completed, gels were scanned at 26o nm. When purified from tissue harvested at different intervals after inoculation, CPMV-Sb showed increasing ratios of fast to slow form with increasing time after inoculation. A small extra peak migrating at a slower rate than the slow form of the virus was observed. On the other hand, time after inoculation had no effect on the mobility of CPMV-PR.
Agrawal 0964) found that the two electrophoretic forms of the severe subgroup isolate of CPMV, which were difficult to detect at pH 7"o, were readily detectable at pH 5"5-Preliminary attempts to analyse CPMV-PR in 2.5% polyacrylamide gels using o'o3 Mpotassium acetate, pH 5"5, detected only one form of the virus. To confirm this finding, analysis of virus electrophoretic forms at pH 5"5 as well as at pH 7"5 was performed using zone electrophoresis in sucrose density gradients in an ISCO model 2Ia density gradient electrophoresis apparatus. Sucrose gradients were pre-formed by layering 4, 8, 8, and 3 ml of 40, 3o, 2o, and io% sucrose, respectively, in electrophoresis buffer (o'o5 M-potassium phosphate at either pH 5"5 or 7'5) into a 25 ml syringe. The equilibrated gradient (20 h at room temperature) was then transferred into the centre column 0"o ×42"7 cm) of the apparatus. About o. 3 ml of the virus (I mg/ml) in buffer containing 5 % sucrose was layered on top of the gradient followed by a layer of phosphate buffer alone. Electrophoresis was at a constant voltage of 25o V (about zo mA) at 6 °C for 5 h. The gradient was scanned at 254 nm with an ISCO model UA-5 ultraviolet monitor and electrophoretic mobility was calculated as described by Peacock & Dingman (I968) . Only one electrophoretic form of CPMV-PR was detected, both at pH 7"5 and 5"5, whereas CPMV-Sb in the same system showed two well separated forms at pH 7"5 (Fig. I) . The electrophoretic mobility (at an average temperature of 6 °C) for CPMV-Sb slow and fastforms was -7"5 x Io 5and -IO. 4 x Io-Scm ~ s 1 V-l, respectively, at pH 7"5-The electrophoretic mobility of the only form of CPMV-PR was 5"2 × IO -5 and 4.7 × io -5 cm 2 s -1 V -1 at pH 7"5 and 5"5, respectively.
The existence of only one electrophoretic form of CPMV-PR regardless of when the virus was purified or which method of analysis was used led us to compare the proteolytic activity present in healthy and virus-infected tissues. Soluble proteins from healthy and virusinfected cowpea plants were purified by ammonium sulphate precipitation and the proteolytic activity was measured. Leaf tissue harvested from plants previously inoculated with CPMV-Sb, CPMV-PR, or comparable healthy plants, was homogenized in o-I Mpotassium phosphate, pH 7.o, using a Waring Blendor. The homogenate was strained through four layers of cheesecloth and clarified by centrifugation at 950o rev/min (Sorvall SS-34 rotor) for 2o rain at o to 4 °C. Clarified sap was ultracentrifuged at 27ooo rev/min (Beckman type 3o rotor) for 3 h at 4 °C. The supernatant fluid was decanted and adjusted to 8o % of saturation by addition of ammonium sulphate and the precipitate formed after i h of incubation on ice was collected by sedimentation at 95oo rev/min as above for IO rain. Precipitates were resuspended in o'o5 i-tris-HC1, pH 7.2, containing I mM-CaC12 and dialysed against three changes of this buffer over a period of 36 h at 4 °C. Protein concentration in the dialysate was determined by the method of Lowry et al. (1951) . Proteolytic activity in the soluble protein fraction was measured by a method employing i-anilino-8-naphthalenesulphonate (ANS) as described by Spencer et al. (I975) using casein as a substrate. A typical 3 ml reaction mixture contained 1"25 mg of casein saturated with purified ANS (Weber & Young, 1964) . The excitation of ANS was at 370 nm and the emitted fluorescence at 46o nm was recorded. Fluorescence of the substrate was monitored until it stabilized, whereupon 125, 25o, 5oo, or 75 ° #g of soluble proteins previously saturated with ANS was added and the fluorescence was recorded for at least 3o min.
Proteolytic activity in healthy and CMPV-Sb infected plants was comparable, whereas the activity in extracts from CPMV-PR infected plants was slightly higher at all concentrations tested. The difference between CPMV-Sb and CPMV-PR thus is not due to differences in the levels of proteolytic activity in the infected tissues. Another possibility we considered was that the two viruses might differ in their susceptibility to enzymes of different specificity. To test this hypothesis, we incubated I mg of CPMV-PR or CPMV-Sb in I ml o.i M-potassium phosphate, pH 7"o with IO #1 of trypsin, chymotrypsin, or a mixture of the two enzymes (I mg/ml for each, Sigma Chemical Co., St Louis, U.S.A.) for r h at 35 °C. After the first hour of incubation, another Io/zl of the enzyme or enzyme mixture was added and incubation was continued for one more hour. The reaction was terminated by the addition of cold o.oi M-potassium phosphate, pH 7.o, and the mixture sedimented through a 3 ml cushion of 25 % sucrose in the same phosphate buffer at 4oooo rev/min (Beckman type 50 Ti rotor) for 2"5 h at 4 °C. Pellets were resuspended in water and the virus analysed by electrophoresis in 2.5% polyacrylamide gels. Portions of the treated Virus at I mg/ml in o'oI M-potassium phosphate, pH 7'0, was incubated with 2o #I of enzyme or enzyme mixture (i mg/ml each) as described in the text. Electrophoresis of virus particles in 2"5 % polyacrylamide gels was at 40 V (about 3 mA/gel) for 9 h in tris-sodium phosphate-EDTA, pH 7"8, and that of the virus proteins was in IO % polyacrylamide gels at IO V/cm for 3 h.
virus were also dissociated and analysed in cylindrical Io% polyacrylamide gels under conditions described by Laemmli (I97o) as modified by Knowland 0974). Virus samples (2 to 3 mg/ml) were dissociated in sample buffer plus 2 % sodium dodecyl sulphate and 5 % 2-mercaptoethanol by immersion for 3 min in boiling water. About 25/zl of dissociated virus was layered on to each gel and electrophoresis was at io V/cm for 3 h. Gels were scanned at 280 nm. As reported by Niblett & Semancik (I969), treatment with chymotrypsin completely converted intact CPMV-Sb from slow to fast form and treatment with trypsin converted the virus slow form to a form slightly slower than the in vivo fast form (results not shown).
When incubated with a mixture of trypsin and chymotrypsin, CPMV-Sb slow form was almost completely converted to the virus fast form with complete conversion of the smaller capsid subunit (S subunit) to its lower molecular mass form (Fig. 2a, c) . Treatment of CPMV-PR with trypsin alone or with a mixture of trypsin and chymotrypsin resulted in the partial conversion of intact virus to a slower migrating form and of the S subunit to a lower molecular mass form that was slightly larger than the lower molecular mass form present in untreated virus (Fig. 2b, d) . Treatment of CPMV-PR with chymotrypsin alone had no effect on the mobility of the virus or its coat proteins.
The structural proteins of untreated CPMV-PR behaved similarly to those of CPMV-Sb when electrophoresed in Io% polyacrylamide gels. The coat proteins of both viruses purified from tissue harvested 8 days after inoculation showed one band for the large (L) protein and two for the small (S) protein (Fig. 2a, b) . Geelen et al. 0972) found that both the slow and the fast electrophoretic forms of a yellow subgroup isolate have the L and S proteins, but the slow form has only the high molecular mass form of the S protein while the fast form has the low molecular mass form of the S protein. The conversion of CPMV-Sb from the slow to the fast form has been attributed to the loss of lysine and arginine residues (Niblett & Semancik, ~969), making the net charge of the virion more negative. Based on the available evidence one would thus expect the proportion of the electrophoretic forms to be about the same as that of two forms of the small protein. Therefore, if CPMV-PR had two electrophoretic forms they would have been detected when the virus was purified from tissue harvested 8 days after inoculation because approximately equal amounts of the two S protein forms were present (Fig. 2e) . Our results from both polyacrylamide gel electrophoresis and zone electrophoresis in sucrose gradients appear, however, to rule out the presence of more than one electrophoretic form of CPMV-PR in vivo.
CPMV-PR treated in vitro with trypsin was partially converted to a slower migrating form, indicating a decreased negative charge on the virion surface. We were at first surprised to find that trypsin treatment of CPMV-PR for 2 h failed to cause complete conversion of the virus. However, analysis of the S protein following trypsin treatment of virus provided an explanation for this enigmatic result, because while trypsin treatment resulted in conversion of the S protein, there were still two bands present, one in the position of the lower molecular mass form present in untreated virus and the other in a position corresponding to a slightly higher molecular mass (Fig. 2d) . We propose that in vivo CPMV-PR is susceptible to hydrolysis by a plant protease that is responsible for the partial conversion of the S protein from a higher to a lower molecular mass form. This conversion results in no change in electrophoretic mobility of the virus because the polypeptide removed has an equal number of acidic and basic residues. The polypeptide removed by the plant protease contains the exposed site at which trypsin can hydrolyse the S protein in the intact virus and so only those virus particles not previously converted by the host protease are susceptible to trypsin. This argument is consistent with the observation that trypsin hydrolysis results in an S protein that is slightly larger than the lower molecular mass form of the S protein present in untreated virus. In the case of trypsin hydrolysis, however, if the polypeptide removed had more acidic than basic residues, the virus particles subjected to S protein hydrolysis by trypsin would have a lower net negative charge on their surface and would thus have a lower electrophoretic mobility.
We thus interpret our results to suggest that CPMV-PR is susceptible to a host protease of unknown specificity in vivo that does not alter the net charge of the S protein and thus has no effect on the mobility of the virus. Unlike CPMV-Sb, CPMV-PR is not susceptible to chymotrypsin or the carboxypeptidases. The evidence that CPMV-PR can be converted in vitro by trypsin suggests that an enzyme with the specificity of trypsin is not present in cowpea plants.
The in vitro fast to slow conversion of CPMV-PR is opposite to that found with members of the CPMV yellow subgroup where the conversion is from slow to fast, but it is not unprecedented for comoviruses. Bean pod mottle virus has been shown to have an increasing
